We assessed the management and outcomes of non-ST segment elevation myocardial infarction (NSTEMI) patients randomly assigned to fractional flow reserve (FFR)-guided management or angiography-guided standard care.
Introduction
Non-ST segment elevation myocardial infarction (NSTEMI) is the commonest form of acute coronary syndrome (ACS), the most common indication for invasive coronary angiography, and a leading global cause of premature morbidity and mortality. 1 Coronary angiography in ACS patients can detect obstructive coronary artery disease and identify patients who may benefit from coronary revascularization. 1 -3 Usual care is based on visual interpretation of coronary disease severity and management decisions include medical therapy, percutaneous coronary intervention (PCI) or coronary artery bypass surgery (CABG). Visual assessment of lesion severity with coronary angiography may be inaccurate resulting in over-or underestimation of the physiological significance of the lesion. 4, 5 Hence judgements made by cardiologists in every day practice are subjective, potentially leading to misdiagnosis and incorrect treatment decisions. 4 -6 An alternative approach involves the measurement of the myocardial fractional flow reserve (FFR) using a pressure-sensitive coronary guidewire. Fractional flow reserve assesses the physiological significance of a coronary stenosis and is expressed as the ratio of maximal blood flow in a stenotic artery to maximal flow in an unobstructed artery. 7 Recent studies (DEFER, 8 FAME, 9 FAME-2, 10 and
) have evaluated the value of FFR to guide treatment decisions. An FFR ≤0.80 is an evidence-based physiological threshold that correlates with the presence of inducible ischaemia on noninvasive testing. 7 Fractional flow reserve values .0.80 indicate that patients can be managed safely with medical therapy without the need for coronary revascularization. Fractional flow reserve measurements require maximal coronary hyperaemia which may be less readily achieved in patients with acute coronary disease because of coronary microvascular dysfunction. 12, 13 Recent clinical studies indicate that FFR in this setting may be valid 14 -18 but in the absence of evidence from randomized prospective trials, a routine physiological approach for the management of patients with recent MI is not recommended in guidelines. 1 -3 We hypothesized that management decisions in patients with NSTEMI undergoing coronary angiography guided by routine FFR measurement would be feasible and safe, and would provide additive clinical utility compared with standard care based on visual interpretation of the angiogram.
Methods

Trial design
We performed a prospective 1 : 1 randomized controlled parallel group trial in 350 NSTEMI patients enrolled from October 2011 to May 2013. 19 
Participants and eligibility criteria
Patients with a clinical diagnosis of recent NSTEMI 1 and with at least one risk factor for coronary artery disease (e.g. diabetes mellitus) were eligible for randomization if urgent invasive management was planned within 72 h of the index episode of myocardial ischaemia or if there was a history of recurrent ischaemic symptoms within 5 days. The angiographic inclusion criteria required at least one coronary stenosis ≥30% severity with normal coronary blood flow [Thrombolysis in Myocardial Infarction (TIMI) grade III] in which FFR measurement might have a diagnostic value.
The exclusion criteria were the presence of ischaemic symptoms that were not controlled by medical therapy, haemodynamic instability, MI with persistent ST elevation, intolerance to anti-platelet drugs, ineligible for coronary revascularization, a treatment plan for non-coronary heart surgery (e.g. valve surgery), a history of prior CABG, angiographic evidence of severe (e.g. diffuse calcification) or mild (,30% severity) coronary disease, a life expectancy ,1 year and an inability to give informed consent.
Setting
The study participants were enrolled in six hospitals in the UK, of which three were non-academic regional centres, and their medical and invasive management followed evidence-based guidelines, including complete revascularization during the index hospitalization, as appropriate.
-3
Informed consent
The study information sheet that had been approved by the research ethics committee was provided to each participant. Written informed consent was obtained before the diagnostic coronary angiogram and randomization.
Coronary angiogram acquisition and analyses
Coronary angiograms were acquired during usual care with standard cardiac catheter laboratory equipment. The angiograms were assessed visually by the attending clinicians who made the treatment decision for medical therapy, PCI or CABG.
Randomization, implementation, and blinding
Participants were enrolled by research staff on the ward before the angiogram was obtained. The standard care management strategy was established and recorded before FFR was measured. The treatment plan was based on all of the clinical information including the results of the angiogram and before FFR was measured. If the angiographic eligibility criteria were fulfilled, the patients were then randomized by the research nurse in the catheter laboratory to FFR-guided and angiography-guided strategies using a web-based randomization system. The randomization sequence was created using randomized permuted blocks of length 4, without stratification. The allocation sequence was on a 1 : 1 basis between the FFR-guided group and the angiography-guided group and the sequence was concealed electronically. The participants were blinded to the treatment group allocation.
Interventions
The randomized participants had FFR measured in all coronary arteries with a lesion of ≥30% diameter stenosis that were amenable to instrumentation with a pressure-sensitive coronary guidewire (St Jude Medical, Uppsala). 19 Fractional flow reserve was measured during
Fractional flow reserve vs. angiography coronary hyperaemia induced by i.v. adenosine (140 mg/kg/min). The FFR intervention in this study, including the assessment of adenosine effect, the measurement of FFR, vessel selection, blinding and disclosure of the FFR results, has been previously described.
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Fractional flow reserve-guided group
Fractional flow reserve ≤0.80 was an indication for revascularization by PCI or CABG, as appropriate, and FFR .0.80 was an indication for medical therapy only. Any changes in management strategy following FFR disclosure were prospectively recorded.
Angiography-guided group and blinding
In patients randomized to the angiography-guided group, FFR was measured in the same way as in the FFR-guided group except that the FFR results were not disclosed. The research staff obscured the haemodynamic monitor [RadiAnalyzer Xpress (St Jude Medical, Uppsala)] from the clinicians, nurses, and patients such that it was impossible for them to observe the pressure wire information either in the catheter laboratory or afterwards. Electronic displays of distal coronary pressure on other haemodynamic monitors that may have been visible in the catheter laboratory were also disabled. Quality control checks, including assessments of equalized pressure recordings and verification of symptoms and haemodynamic changes with i.v. adenosine, were conducted in the usual way. The quality assurance procedures have been previously described.
19
Outcomes Primary outcome
The pre-specified primary outcome was the between-group difference in the proportion of patients allocated to medical management. The final treatment decision was made by the clinicians in the cardiac catheter laboratory during the index procedure or shortly afterwards if a multidisciplinary heart team review was indicated.
Secondary outcomes
(1) The feasibility and safety of routine FFR measurement.
(2) The relationship between FFR and coronary stenosis severity by visual assessment of the angiogram. (3) Major adverse cardiac events (MACE) during the follow-up over 12 months, defined as cardiac death 20 or hospitalization for myocardial infarction 21 or heart failure 20 after randomization. Cardiovascular death, stroke, transient ischaemic attack, contrast nephropathy, and bleeding were also prospectively recorded. 20 All of these events were adjudicated by a Clinical Event Committee (CEC) comprised of three cardiologists who were independent of the trial and blinded to the treatment allocations. The CEC charter and the definitions for these events are described in the Supplementary material online, Methods. The Robertson Centre for Biostatistics within the Glasgow Clinical Trials Unit provided the trial-specific electronic data collection system, acted as an independent coordinating centre for randomization and data management, and conducted the statistical analyses. The trial was approved by the National Research Ethics Service (reference 11/S0703/6). The clinical trial registration numbers are NCT01764334 and ISRCTN97489534 and the trial sponsor is the National Waiting Times Centre Board, NHS Scotland. The sponsor monitored the study for safety and the study underwent an external audit commissioned by the sponsor (October 2013). All serious adverse events were prospectively reported to the Robertson Centre for Biostatistics.
Sample size
We calculated that 322 randomized subjects (161 subjects in each group) would provide 90% power at a 5% level of significance to detect a 50% relative increase in the proportion of patients assigned to medical treatment in the FFR disclosed group from 15 to 30%. This difference was based on observations made in a pilot study 30 intended to inform the design of the current trial. Allowing for loss of data at the time of the procedure the number of participants in the randomized trial was increased to 350.
Statistical methods
Mean (standard deviation) or median (inter-quartile range) were used to summarize continuous data. Counts and percentages were used to summarize categorical data. All tests were two-tailed and assessed at the 5% significance level.
The primary outcome of the proportion of patients allocated to medical therapy was assessed in terms of the difference in proportions and the relative risk between groups estimated with exact 95% confidence intervals and P-values. The proportion of patients with MACEs within 12 months and other binary outcomes were analysed using the same methods, and time to events within 12 months was compared between groups using log-rank tests. Health-related quality of life was compared between groups using baseline-adjusted linear regression. Length of stay was compared between groups using a Wilcoxon-Rank Sum test. Costs were compared using bootstrapping (details in Supplementary material online, Methods). The statistical analyses were performed using R version 3.0.0 and StatXact version 5.0.3.
Results
Eight hundred and fifty-three NSTEMI patients were referred for invasive management and gave informed consent from October 2011 to May 2013 ( Figure 1 ; Table 1 ). Of these, 350 patients (mean age 62 years, 74% male) were randomized (n ¼ 176 FFR-guided, n ¼ 174 angiography-guided). Fractional flow reserve was measured in all (100%) participants but only disclosed in the FFR-guided group. 
Continued
The clinical and treatment characteristics of the patients included in the FFR-guided group and the angiography-guided group were similar ( Table 1) . Three hundred and twenty-two (92%) of 350 randomized participants had a history of angina at rest (Canadian Cardiovascular Society Angina Class IV angina) and 280 (80%) patients had ECG evidence of ischaemia. The median (inter-quartile range) time from the index episode of myocardial ischaemia to the invasive angiogram was 3 (2, 5) days and 81% of the participants underwent angiography within 5 days of the index event or most recent episode of chest pain. All the patients were followed up for 12 months and all of the randomized participants were included in the analysis.
Fractional flow reserve-guided vs. Angiography-guided treatment groups
Fractional flow reserve was measured in 704 (99.7%) of 706 lesions with a stenosis severity ≥30%, and was measured in at least one artery in all (100%) patients. Of lesions with an FFR result (n ¼ 704), 430 (61.1%) were physiologically significant (FFR ≤0.80) ( Table 2 and Supplementary material online).
Ten participants (2.9%) had no lesions (stenosis severity ,50%) when assessed by angiography and 63 (18.0%) patients had no lesions when subsequently assessed by FFR (.0.80). The number of patients with 0, 1, 2, or ≥3 vessel coronary disease is shown in Supplementary material online, Figure S1 .
Primary outcome
The proportion of patients treated by medical therapy was higher in the FFR-guided group than in the angiography-guided group [40 (22.7%) vs. 23 (13.2%), difference 9.5% (95% CI: 1.4%, 17.7%), P ¼ 0.022; relative risk 1.72 (1.08, 2.82)] ( Table 3) .
The initial treatment decisions before randomization and after FFR disclosure in the FFR-guided group are shown in Figure 2 . Fractional flow reserve-disclosure resulted in a change in treatment plan in 38 (21.6%) of 176 patients. The relationship between FFR and stenosis severity is shown in Figure 3 .
Resource use and material costs during the index hospitalization
The duration of the index invasive procedure, the volume of radiographic contrast medium, and the number, type (drug-eluting stent vs. bare metal stent) and length of stents were similar in the FFR-guided group and angiography-guided groups ( Table 3) . Mean material costs were higher in the FFR-guided group (£1095, 95% confidence interval £1021 to £1171) compared with the angiography-guided group (£822, 95% confidence interval £737 to £914). Mean in-hospital healthcare costs were similar in the FFR-guided group (£7289, 95% confidence interval £6173 to £8549) and the angiography-guided group (£7484, 95% confidence interval £6325 to £8777) ( Table 3) .
Clinical events and safety
In-hospital adverse events relating to procedure safety are described in Table 3 . According to independent adjudication based on review of the coronary angiograms, 8 coronary artery dissections occurred in 7 (2.0%) of 350 patients during the index procedure. Six dissections were attributed to coronary instrumentation during PCI and 2 were attributed to the pressure wire.
The follow-up assessments were completed in June 2014. Vital status at 12 months was obtained for all (100%) participants ( Table 3) . Fourteen (8.0%) of 176 patients in the FFR-guided group and 15 (8.6%) of 174 in the angiography-guided group experienced cardiac death, non-fatal myocardial infarction or heart failure hospitalization (P ¼ 0.89) (Table 3; Figure 4 ). Myocardial infarction relating to PCI (Type 4a or Type 4b) or CABG (Type 5) occurred in 5 (2.8%) patients in the FFR-guided group and 11 (6.3%) patients in the angiography-guided group (P ¼ 0.12) ( Table 3) . Major adverse cardiac events excluding MI related to revascularization occurred in 10 (5.7%) patients in the FFR-guided group and 5 (2.9%) patients in the angiography-guided group (P ¼ 0.25) ( Table 3 ; Supplementary material online, Figure S3 ). TIMI, thrombolysis in myocardial infarction grade. A diseased artery was defined as an epicardial artery with one or more lesions ≥30% of the reference vessel diameter and amenable to PCI or CABG. An angiographically significant artery was defined as an artery with one or more lesions ≥50% of the reference vessel diameter. a Mean + SD or median (inter-quartile range) for normal and non-normally distributed data, respectively.
in the FFR-guided group had a MACE event during 12 months followup vs. 0/23 (0%) in the angiography-guided group (P ¼ 0.22; Supplementary material online, Table S2 ).
Revascularization within 12 months
Compared with the angiography-guided group, the percentage of patients who were free from coronary revascularization remained Means + SD and median (interquartile range) are used for normal and non-normally distributed data. Cost data are reported as mean + SE.
b FFR was measured in all participants and disclosed in the FFR-guided group but not disclosed in the angiography-guided group. The P-value is the comparison between the FFR-guided group and angiography-guided group. Of the 10 patients with spontaneous MACE in the FFR group, FFR disclosure changed the initial treatment plan from PCI to medical therapy for the culprit artery in four patients. These events happened from 3 to 11 months after randomization. The excess of five patients with a spontaneous MACE in the FFR group is due to two deaths, two patients with spontaneous MI and one patient with a heart failure hospitalization.Myocardial infarction: 28 non-fatal MI events and 2 fatal MI events occurred within 12 months of randomization in 26 patients, including 17 procedure-related MIs in 16 patients [one standard care patient had two procedure-related MIs (index procedure and a subsequent procedure during the follow-up)] and 11 spontaneous MIs in 10 patients (one FFR patient had two of these events)]. Twenty-six patients had at least one MI event. Four patients had two MI events (n ¼ 2 FFR-guided group, n ¼ 2 angiography-guided group). In summary, one patient had two procedure-related MIs, one patient had two spontaneous MIs and two patients had both types of MI.
e Material costs includes: guide catheters, ordinary guidewires, pressure wires, adenosine, balloon catheters, drug-eluting stents, bare metal stents, GP inhibitors, and bivalirudin; Procedure costs includes: CABG, intravascular ultrasound, optical coherence tomography, echocardiogram and chest X-ray; hospitalization costs includes catheterization laboratory time, CCU days, ITU days and general ward days; in-hospital events included MI and stroke. Table S3 ).
Health-related quality of life
Health-related quality of life scores were similar in each group at 12 months ( Table 2) .
Discussion
In this trial, we assessed a routine physiological approach combined with coronary angiography to diagnose and treat coronary artery disease in patients with recent NSTEMI undergoing invasive management.
Compared with an anatomical approach based on visual interpretation of the coronary angiogram (standard care), FFR-guided management was feasible and safe in the catheter laboratory. The FFR-guided approach resulted in changes in stenosis classification and patient management in one-fifth of the patients. The rate of coronary revascularization was reduced at the index procedure and most of this difference was maintained at 12 months. Material costs during the index procedure increased because of the cost of the pressure wire but overall healthcare costs during the index hospitalization were similar. Myocardial infarction related to revascularization tended to be more frequent in the standard care group, whereas MACE events unrelated to revascularization tended to be more common in the FFR group. There was no evidence for differences in the other health outcomes or in health-related quality of life between the randomized groups.
The results of this trial have several implications. Firstly, routine FFR measurement in appropriately selected NSTEMI patients was feasible in all of the participants and relatively safe. Radial artery access was the norm and bleeding complications were rare. Secondly, on an individual patient basis, FFR disclosure commonly changed patient management (Figure 2) , and overall, revascularization was reduced. Thirdly, compared with the angiography-guided group, the increased adoption of medical therapy at the expense of revascularization in the FFR disclosure group was associated with similar overall health outcomes and quality of life at 1 year. Representing a balance of competing risks, the reduction in procedure-related MI events in the FFR group should be considered against the increase in spontaneous cardiac events during the follow-up. Finally, based on the combination of coronary angiography and the use of FFR, the diagnostic work-up of patients admitted with NSTEMI could be simplified ruling out the need for deferred management and noninvasive stress testing in NSTEMI patients with a broad range of stenosis severities (≥30%).
In invasively managed NSTEMI patients, the standard care approach involves visual interpretation of the anatomical severity of disease disclosed by the coronary angiogram. Adoption of a physiological approach to inform treatment decisions in invasively managed NSTEMI patients is not the standard of care mainly because of a lack of evidence. The specific uncertainties for FFR adoption relate to a lack of evidence for FFR measurement in culprit arteries. 1 -3 When coronary resistance is reduced by vasodilator drugs, such as adenosine, the curvilinear relationship between coronary pressure and flow becomes approximately linear in the physiological range of blood pressure. 32, 33 Following STEMI, vascular injury may limit microvascular vasodilatation 12 and this may limit the validity of FFR which is by definition a hyperaemic index. In NSTEMI, the pathophysiology of the culprit artery is typically non-occlusive thrombotic plaque rupture and subendocardial infarction. 34 Since FFR was measured in coronary arteries with normal blood flow, microvascular dysfunction may have been limited, transient or absent in the participants in this trial. 18 The post hoc analysis of medically stabilized ACS patients in the FAME trial also supports the validity of FFR.
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A further area of uncertainty that was addressed in this trial relates to the management of NSTEMI patients with non-obstructive culprit lesions and potentially rupture-prone non-culprit lesions. Stenting to seal a non-flow limiting ruptured coronary plaque might reduce the risk of recurrent MI. Alternatively, optimal medical therapy might suffice and unnecessary stenting can be harmful (e.g. stent thrombosis, restenosis). The likelihood of MI increases with coronary stenosis severity and revascularization guided by FFR reduces this risk in stable patients. 7 -10 Whether FFR-guided management has prognostic benefits in ACS patients is uncertain and controversial. On the one hand, a reduction in revascularization may reduce procedure-related MI. On the other hand, the risk of spontaneous MI might increase in the longer-term in non-revascularized patients since plaque with rupture-prone biology may be non-flow limiting (FFR .0.80). In our trial, 4 of the 10 patients with spontaneous MACE in the FFR group had an initial treatment plan for PCI in a culprit artery changed to medical therapy based on an FFR .0.80. The spontaneous MACE events in these patients occurred later during the followup (3-11 months) in keeping with remodelling in the culprit artery and late spontaneous MI rather than a false-negative FFR result.
The FFR results in the other patients with spontaneous MACE in the FFR group did not influence the initial management of these patients based on angiography alone implying the FFR strategy was not associated with the MACE events. In the FAME trial, nearly one-third of participants in the FAME trial had a history of recent MI. 8 The potential for FFR disclosure to impact on physicians' treatment decisions in patients with recent unstable coronary disease is also uncertain. 19, 30 We found that FFR disclosure changed the treatment plan in over one in five patients with a reduction in revascularization on a patient basis. However, late spontaneous MACE tended to be more common in the FFR-group, calling into question the longer-term safety of an FFR-guided change from PCI to medical therapy in culprit arteries. These observations place emphasis on the need for a larger trial with a design that is informed by these results and powered to definitively assess health outcomes and cost-effectiveness. The FAMOUS-NSTEMI trial differed from recent trials of FFRguided management (DEFER, 7 FAME, 8 FAME-2, 9 and RIPCORD 10 ) in a number of important ways. Firstly, the primary diagnosis of the patients differed between the trials. DEFER, FAME, and FAME-2 trials enrolled patients with stable coronary artery disease. In FAME, 8 NSTEMI patients were included within 5 days of the index event provided the peak creatine kinase was ,1000 U per L. In FAME-2, 9 patients with Canadian Cardiovascular Society angina class IV or an NSTEMI were only included if the symptoms had been controlled for .7 days. Secondly, the treatment strategies in these trials were not the same. In DEFER, 7 FAME, 8 and FAME-2, 9 the patients were selected for PCI, whereas FAMOUS patients were randomized upstream at an earlier stage in the treatment pathway when all treatment options were possible, including medical therapy, PCI and CABG. Thirdly, the angiographic criteria for FFR measurement differed between the trials. In the FAME trials, FFR was measured in stenoses assessed visually to be at least intermediate (≥50% reference diameter) in severity, whereas in FAMOUS even very mild narrowings (≥30% reference diameter) were included. The characteristics of the participants in the FAMOUS trial were similar to those of other ACS trials, such as TIMACS 35 (e.g. 80% of participants in both trials had an ischaemic ECG). Finally, compared with standard care, health outcomes were improved by FFR-guided management in the FAME trials, whereas in FAMOUS, MI events were different and overall MACE were similar at 12 months. Balancing against the potential benefits, use of a diagnostic coronary guidewire may come at the expense of cost and potential harm, including procedure-related coronary dissections. In this study, two coronary artery dissections were due to pressure wire instrumentation, as attributed by an independent clinical event committee which reviewed the angiograms. In the RIPCORD study, 10 in which all coronary arteries were instrumented, three clinically important complications attributable to the pressure wire occurred in 200 patients.
In the angiography-guided group, the proportion of patients revascularized at baseline (86.8%, Table 3 ) were lower than the proportion of patients with an angiographically significant stenosis (96.6%, Table 2 ). In contrast, in the FFR-guided group, the proportion of patients with at least one physiologically significant lesion (FFR ≤0.80; 80.7%, Table 2 ) and the rate of revascularization at baseline (81.7%, Table 3 ) were similar. In the sample size calculation (Supplementary material online, Methods), we had anticipated a 15% difference in medical management between the randomized groups. The smaller actual difference (10.1%, Table 3 ) could be in part be explained by the lower than expected rate of revascularization in the angiographic control group.
The rate of change of the initial treatment plan in our trial was lower than in other studies. 7, 8, 10, 30 This discrepancy is explained by the lower rate of lesion re-classification by FFR disclosure in patients with very mild (,50%) or very severe (.90%) lesions ( Figure 3) . Lesions at the extremes of coronary stenosis severity were included by design in order to assess the diagnostic impact of FFR across the full range of stenosis severities. The relationship between lesion severity and the health economic value of the FFR-guided strategy should inform whether this strategy has more economic value within an intermediate range of coronary stenosis severities (e.g. 50 -90%).
The health economic implications of this trial will be assessed in a future planned analysis.
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Limitations
The randomized participants in this trial were included because the cardiologist believed coronary instrumentation with the pressure wire was feasible, but this decision is subjective and some patients
Fractional flow reserve vs. angiography may not have been included due to operator preference. Even though some features of severe coronary disease were exclusion criteria (e.g. a severely calcified coronary artery), some patients with severe coronary disease were still included supporting generalizability of the trial findings. For example, 6.6% of the participants were referred for CABG; 19% of the participants underwent angiography five or more days from the index episode of myocardial ischaemia. This time interval is explained by clinical service pressures that delayed access to the catheter laboratory in some of the hospitals in this trial. Most of the participants in our trial received clopidogrel whereas ticagrelor, which improves cardiovascular outcomes in ACS patients compared with clopidogrel, 36 is now recommended in NSTEMI patients. 1 We have reported the cardiologists' visual interpretation of the angiogram as actually performed in the study participants. A quantitative coronary analysis by blinded observers is currently on-going. Our study was designed (but not powered) to assess betweengroup differences in health outcomes. There are too few cardiac events to draw firm conclusions and the prognostic significance of FFR-guided management in patients with optimal dual anti-platelet therapy should be further assessed in a larger trial with longer-term follow-up.
Conclusions
The FAMOUS-NSTEMI trial provides information on the feasibility, safety, and clinical utility of a routine physiological approach to guide the management of NSTEMI patients. We have shown that compared with angiography-guided standard care, routine FFR measurement is feasible and safe, and FFR disclosure resulted in a change in treatment plan in more than one-fifth of patients and revascularization was reduced overall. There were no differences in health outcomes and quality of life between the randomized groups. In the FFR group, procedure-related MI tended to be reduced but spontaneous MACE during the follow-up tended to be more common during 12-month follow-up. A large randomized trial is needed to definitively assess the cost-effectiveness of an FFR-guided management strategy in invasively managed NSTEMI patients.
